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APPROXIMATIONS OF SURFACE ROUGHNESS EFFECTS FOR AIRBLAST CALCULATIONS
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Pierce, T. H. brief description of rou hness effects on a boundary layer is given. The effects of the amount of areal rough ss coverage on the law of the wall are summarized. The concept of hydrodynamically I'lquivalent rough surfaces is discussed.
The issue of non-uniform roughness e1 nt size is addressed. interactions with a surface can materially alter precursor structure formation in a non-ideal airblast. The near-surface precursor flow includes a "jet" that interacts with and exchanges momentum with the surface boundary layer.
The transition between the off-surface jet flow and the flow in the boundary layer is smooth; the demarcation between the two regions is indistinct. Momentum lost to the ground through surface shear is diffused by turbulence through the boundary layer into the jet without interruption.
The jet velocity is reduced and the jet pressure increased due to this effect. The rate at which work is transmitted to the precursor toe is diminished, resulting in a reduction in the overall precursor length.
The detailed character of the surface affects both the extent of airflow momentum loss and the concomitant turbulent diffusivity within the boundary flow. The collective surface conditions that control these effects establish its "roughness". Four properties of the surface appear to have first-order effects. These are: (1) the type of surface irregularities (depressions or protuberances), (2) the size of the irregularities, (3) the fractional amount of surface covered by irregularities, and (4) the geometry of the irregularities.
The effects of depression type (d-type) roughness differ somewhat from those of protuberance-type (k-type) roughness (Reference 1). However, d-type roughness is considered to be of lesser immediate interest and will not be considered further in this discussion.
The contributions to surface roughness arise predominantly from fixed surface protrusions.
In desert terrains, fixed surface protrusions may include shrubs, trees, rocks, and ground clods.
Loose, lightweight material such as non-fixed pebbles, vegetative debris, and dust cannot support significant shear. These materials 1. The laminar sublayer and buffer layer taken together are often referred to as the "viscous sublayer". The viscous sublayer and the log-law region together comprise the "inner layer" of the boundary layer flow. The remaining 90% of the boundary layer comprises the Router region". In simple flat-plate flow, turbulence energy drops off in the outer region while the turbulence length scale increases.
The four-layer smooth-wall boundary flow structure begins to be disrupted when surface roughness elements protrude above the laminar sublayer into the buffer region. The extent of this disruption increases with further increases in roughness element size.
Turbulence near the surface is enhanced and small turbulent eddies penetrate into the laminar sublayer. When the roughness elements are large enough as to extend into the log-law region, a viscous sublayer is completely absent. The inner layer then consists only of a log-law region, and the surface is said to be "fully rough".
A criterion widely used to distinguish a hydraulically smooth surface is
YR
(1)
where YR is the roughness element height, v is the kinematic viscosity of the flow, and u r is the "shear" or "friction" velocity, u .
(7rw/Pw) 1 /2 (in which rw is the surface shear stress and Pw is the fluid density at the wall).
On the other hand, the surface can be considered fully rough when
These criteria cannot easily be applied, unfortunately, unless an estimate (or measurement) of the surface shear is available. For some purposes, a satisfactory estimate for this purpose can be taken where Re x is the Reynolds number based on the distance from the leading edge of the plate, Re x = uEX/V, and uE is the velocity external to the boundary layer.
A useful direct relation between u 7
and Cf is
The remainder of the present discussion will consider only the fully rough condition.
For this case, the velocity profile of a simple, incompressible, non-separating boundary layer, up to about 10% of the boundary layer thickness, is well represented by the rough-wall
Clauser "wall function",
Here x = 0.41 (Von Karman's constant) is fixed and universal, but the value of C' varies with the roughness element geometry and area coverage. 
where AR is the horizontal projected surface area covered by roughness within area A. Data points on this figure were derived from Reference 2. The data points shown individually on this plot are for threedimensional roughness elements as opposed to two-dimensional elements such as transverse rods.
Smaller values of C' reflect greater ground shear on surfaces having roughness elements of equal height YR. This is true regardless of changes in the geometry of the elements, if the exterior flowfield is held fixed. The data for spherical roughness elements show that C'
is not a monotonic function nf fR" A minimum occurs at 20-25%
(depending on which curvefit is used). The data for other threedimensional roughness elements is insufficient on Figure 1 to exhibit a minimum. However, the curvefit by Dvorak (Reference 3), which was fit through data for both two-and three-dimensional roughness other experiments referenced in this paper,were carried out in the low subsonic regime.
SECTION 3
EQUIVALENT SURFACE ROUGHNESS
Due to the character of the C' vs. fR (and geometry) curves, the relative roughness effects of different surfaces cannot be compared in terms of a single, directly measurable quantity. A classical basis for comparison is in terms of "equivalent sand-grain roughness size", K s . This is the diameter of fixed sand-like elements, packed on a surface such that fRs = 0.91 (and C" = 8.5), which would yield the same wall shear as that on a specimen surface with a particular roughness element geometry, height, and coverage.
If the value of K s is known for the specimen surface, the Clauser wall function, Eqn. (5), would be written as u n (Y,() + 8. .
(7)
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In this way, K s becomes a measure of "roughness scale".
An alternative, equivalent procedure is to rewrite Eqn. The example cited is significant because it illustrates that a terrain in which the surface appears to be relatively smooth but is vegetated with small, dense shrubs scattered over about 1% of the ground area is hydrodynamically as rough as if the surface were "heavily covered" with rocks.
The separation between 2 cm dia. It is worth emphasizing that Z o bears little direct relation to the physical size of roughness elements. The actual height of the elements is YR, while Z. is a characteristic roughness scale that accounts for element size, geometry, and areal coverage.
It may be possible to establish the value of Z o for a given terrain without a detailed survey like that given in Table 1 . An example of this appears in Reference 6. The velocity profile of an atmospheric wind-induced boundary layer was measured (at the GMX area of the Nevada Test Site). The measurements were made using a pitotstatic rake of appropriate height. From the velocity profile it was possible to establish a characteristic roughness scale. investigate the possibility for establishing procedures from which the correct scale associated with a high-speed flow could be inferred from the value determined through low-speed wind measurements.
As an alternative, it may prove feasible to establish Z o for a specific terrain directly from boundary layer profiles measured during an airblast event. The smallest scale at which measurements of this kind would be meaningful is uncertain, but an estimate might be R o >> YR, where R o is a characteristic airblast radius for a surface burst,
R1/3 (11)
in which E o is the explosion energy and P 1 is initial ambient 
ROUGHNESS SCALING
Finally, it is noted that the characteristic roughness Z o is a fixed property of the terrain and, perhaps, of the flow regime (Mach and Reynolds numbers 
